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p The doublet-triplet splitting problem is perhaps the most problematic aspect of supersym- 

1^ ■ metric grand unified theories. It can be argued that the most natural reason for the Higgs 
doublets to be light is that they are pseudo-Goldstone bosons associated with the sponta- 
neous breakdown of an accidental global symmetry. In this paper we discuss the possibility 
^ I of implementing this idea in the SU(6) model of refs. ||TT] , |T^, [T^, We show that although 



' it is simple to generate an accidental symmetry of the renormalizable terms of the potential, 
it is quite difficult to construct a model which allows for the preservation of the accidental 
symmetry in the nonrenormalizable terms. We summarize the constraints on such models 
and then give three different ways to construct a superpotential where the dangerous mixing 
terms are sufficiently suppressed even in the presence of nonrenormalizable operators. With 
these examples we demonstrate the existence of consistent models implementing the Higgs 
as pseudo-Goldstone boson scheme. We extend one of the three examples to include fermion 
masses. We also show that when restricted to regular group embeddings the only possible 
models without light triplets are trivial generalizations of the SU(6) model we consider. 
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1 Introduction 



The unification of tlie gauge couplings of supersymmetric grand unified tlieories at about 
10^^ GeV is strong evidence that the standard model is embedded in a supersymmetric grand 
unified theory (GUT). But it is only possible to accept the possibility of grand unified theories 
if an acceptable reason for the large separation in mass scales between the Higgs doublet and 
triplet fields is identified. Most models which exist require either fine tuning or have a very 
complicated field content and/or do not take into account the possible nonrenormalizable 
operators, suppressed by the Planck mass. 

In order to avoid fine tuning, several solutions to the doublet-triplet splitting problem 
have been proposed. They include the sliding singlet the missing partner mechanism 
0, H, and an SO(IO) based solution p, The sliding singlet solution has been shown to 
be unstable to radiative corrections |@, and is therefore unacceptable. The missing partner 
mechanism will in general have problems when nonrenormalizable operators are included 
in the Hamiltonian, which will generate a mass for the doublet Higgs. The SO(IO) models 
might work, but they often require a large field content so that asymptotic freedom of 
the GUT-theory is destroyed; thus nonrenormalizable operators are suppressed only by the 
scale where the GUT-coupling becomes strong (this scale can be significantly lower than the 
Planck-scale) . 

One of the most economical and satisfying explanations for why the Higgs doublets are 
light could be that they are pseudo-Goldstone bosons (PGB's) of a spontaneously broken 
accidental global symmetry of the Higgs sector 0. The Higgs sector of the chiral super- 
fields is defined with the use of matter parity. Under this Z2 symmetry all matter fields 
(fermion fields) change sign while the Higgs fields are invariant. When Yukawa couplings are 
incorporated (couplings of the Higgs sector to matter fields), the accidental global symmetry 
is explicitly broken; however, because of supersymmetric nonrenormalization theorems the 
Higgs masses can only be of order of the supersymmetry breaking, or weak scale. 

The first attempts to build such a model were made by requiring that the chiral superfields 
of a given gauge group are put together into a representation of a bigger global symmetry 
group [0, H, For example the 24,5,5 and 1 of an SU(5) gauge group could form the 35 
adjoint of SU(6). While the global SU(6) breaks to SU(4)®SU(2)(g)U(l), the gauged SU(5) 
breaks to SU(3)®SU(2)®U(1), and the uneaten PGB's are in two SU(2) doublets 0, |. 
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Other similar models were discussed in ref. f^. 

Unfortunately this model requires even more fine tunings of the parameters of the su- 
perpotential than the usual fine tuning solution of the doublet-triplet splitting problem. 
For example in the SU(5) model mentioned above this would mean that for the general 
superpotential 

W = ^MTrS^ + ^ATrS^ + fiHJ^H + aHH + piY + + 
2 3 2 

PsY^ + p.TiE^Y + p,HHY, (1.1) 

where the fields S, H, H, Y are the SU(5) fields transforming according to 24, 5, 5, 1 the 
following relations have to hold in order to have the larger global SU(6) invariance: 

2 / 2 \ 5 

a = M = p2, p = \ P'^^~^\\^) 

P4 = ^A, p5 = -2f^VA. (1.2) 



30 ' V15 

These relations are very unlikely to be a result of a symmetry of a higher energy theory. 
Thus this version does not tell much more than the original fine tuned SU(5) theory. 

A much more appealing scenario is that the accidental symmetry of the superpotential 
arises because two sectors of the chiral superfields responsible for gauge symmetry breaking 
do not mix and thus the global symmetry of this sector isG®G instead of the original gauge 
group G UTIl , |l^ , [l3| , |14| . This accidental symmetry could be a result of a discrete symmetry 



that forbids the mixing of the two sectors so this scenario might well be a consequence of 
a symmetry of a larger theory. During spontaneous symmetry breaking G ® G ^ Gi® G2 
while the diagonal G (which is the original gauge group) breaks to SU(3)®SU(2)®U(1). 

The D-terms of the group G ® G in this scheme of spontaneous symmetry breaking 
(SSB) vanish in order to preserve supersymmetry. Because supersymmetry is preserved, the 
requirement for "total doubling" is fulfilled, so associated to every Goldstone boson there 
is also a pseudo- Goldstone boson in a chiral multiplet which is massless only by supersym- 
metry. Therefore, all the scalars in a Goldstone chiral superfield are light, not only one of 
the scalar components. We will refer to both as PGB's throughout the paper. The genuine 
Goldstone bosons remain massless even after adding the soft SUSY breaking terms, while 
the pseudo-Goldstone bosons get masses at the order of the weak scale at this stage. The 
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remaining massless states get masses during the running down from the GUT scale to the 
weak scale due to the symmetry breaking Yukawa couplings. 

These Yukawa couplings have to break the accidental global symmetry of the Higgs sec- 
tor explicitly. Otherwise the couplings of the Higgs doublets (which are identified with the 
uneaten PGB's of the broken global symmetry) to the light fermions would vanish. Thus 
there would be no source for the light fermion masses. The nonvanishing of the couplings of 
the Higgs fields to the light fermions (especially to the top quark) is also essential for radia- 
tive electroweak breaking. Thus it is necessary that in these models the Yukawa couplings 
explicitly break the accidental symmetry of the Higgs sector. 

Explicit symmetry breaking terms in the Higgs sector can yield additional contributions 
to the /i-term of the Higgs potential (the models presented in section 4 will contain such 
explicit breaking terms). There can also be additional contributions to the /i-term from 
nonrenormalizable contributions to the Kahler potential . 



An example of models of this kind was given in refs. [|Il|, |T2|, |I3|, . In this case G = 
SU(6), and the accidental global symmetry is broken to SU(4)c>?)SU(2)c>?)U(l)®SU(5). There 
are exactly two light doublets in this model, so the low energy particle content is just that of 
the MSSM. The Higgses are naturally light (they are PGB's), while the triplets have masses 
of 0{Mgut). 

Although such a model is very appealing in principle, it is not clear that it holds up 
to more detailed scrutiny. The first problem is to construct a potential with the desired 
symmetries and symmetry breakings. The second problem is to generate a fermion mass 
spectrum compatible with observation. 

The flavor problem can be addressed by enhancing the field content and including non- 



renormalizable operators [|T^, |T4|. However, the first problem is very difficult. The models 
of refs. [0, |13[ do not give the correct minimum without fine tuning and are therefore 
unacceptable. The model of ref. has the correct symmetry and gives the desired mini- 
mum if one incorporates only the renormalizable terms in the superpotential. However, once 
nonrenormalizable terms are incorporated it is very difficult to construct acceptable models 
without fine tuning. 

In this paper we outline many constraints for model building. We consider only models of 
the second type; that is, models where the accidental global symmetry arises as a result of two 
nonmixing sectors of the Higgs fields. In supersymmetric theories it may happen that some 
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operators are unexpectedly missing from the superpotential even though they are allowed by 
all symmetries of the theory. However we will use the most pessimistic assumption, that is, 
all terms consistent with all the symmetries are present and they are as big as they can be 
(suppressed only by the appropriate powers of Mpi). Our philosophy for constructing models 
is to find discrete symmetries that forbid the dangerous mixings of the two sectors. These 
could be either R-type or usual discrete symmetries. (We assume that all other symmetries 
of the theory above the Planck scale are broken with the exception of some possible discrete 
symmetries. These should actually be gauge type discrete symmetries so that they are not 
destroyed by large gravitational corrections. This implies that these discrete symmetries 
could possibly have anomalies. However these discrete anomalies can always be canceled by 
adding extra gauge singlets transforming nontrivially under the discrete symmetries.) 

We find for such models a general feature that the more one suppresses mixing terms, 
the more fine tuning is necessary in the superpotential to maintain the correct values of 
the vacuum expectation values (VEV's) if the VEV's of all fields in the Higgs sector are 
comparable. To find a way out we either need to introduce small mass parameters or fields 
with small (or zero) VEV's. 

However, the small parameter which can be used to build these models is necessarily 
present in models with supersymmetry breaking. Based on the analysis of requirements 
for a successful model, we show how to exploit the supersymmetry breaking scale to create 
models which have an accidental global SU(6) (8)SU(6) symmetry. In these models the Higgs 
is naturally light, and there are no problems with the triplets. Alternatively we will show 
how to use the second possibility (the presence of fields with zero VEV's) to build another 
class of natural models without the use of any small parameter. 

One can ask whether there are perhaps other models that use an alternative gauge group 
for which it is simpler to construct an acceptable potential. We will demonstrate that all 
models that use only regular group embeddings and have no extra light triplet fields are 
trivial generalizations of the SU(6) model, and are therefore no better (and probably worse). 

The outline of this paper is as follows. In the following section, we review the SU(6) 
model and give a simple example for a model that is acceptable if one incorporates only 
renormalizable terms into the superpotential. In section 3 we first discuss the requirements 
for building an acceptable potential and show why it is difficult to get a natural model. In 
the first subsection we consider the use of alternative SU(6) representations to forbid the 
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dangerous mixing terms while in the second we discuss the possibihty of using restrictive 
discrete symmetries for this purpose. We draw the conclusion that if mixing terms are 
suppressed there must be either small parameters or fields with zero VEV in the theory. In 
section 4 we present three different models that naturally fulfill all the requirements for the 
superpotential. 

The first model uses a small mass parameter, namely the weak scale, to get the correct 
magnitudes of VEV's of the fields in the Higgs sector. The second model does not use 
any small mass parameter, but exploits the presence of fields with zero VEV's to obtain 
an acceptable theory. In the third model, we assume the appearance of the GUT scale by 
an unspecified dynamical origin. With these three models we demonstrate that the idea of 
having the Higgses as pseudo-Goldstone particles can be naturally implemented. In section 

5, we consider the possibilities for generalizing the SU(6) model to SU(n) groups. Orthogonal 
groups and the exceptional group Eg are considered in appendix A. We conclude in section 

6. Appendix B treats the question of generating the fermion masses. 



2 A Review of the SU(6) Model 



In the SU(6) model of refs. [TT|, |T2|, |T3[ [T^, the gauge group of the high energy GUT theory 
is SU(6). The accidental symmetry of the Higgs part of the superpotential arises because 
there are two sectors involving two different fields which do not mix in the potential, so 
that an accidental global SU(6)®SU(6) symmetry is preserved. The fields suggested in refs. 
||TT| , p^ , |13[ to realize this idea were S in an adjoint 35 representation and if, H in Q,6 



representations of SU(6). Their SU(5) decomposition is 



S = 35 = 24 + 6 + 6 + 1 
H = 6 = 5 + 1 
H = Q = 5 + 1. 



(2.1) 



Then one of the sectors consists of the fields H, H and the other of S. The accidental 
symmetry is realized if mixing terms of the form HT^H are not present in the superpotential. 
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If the fields E and H, H develop VEV's of the form 



/ 1 



V 



{H) = {H) = U 



-2 J 



( 1 \ 










(2.2) 



then one of the global SU(6) factors breaks to SU(4)(8)SU(2)®U(1), while the other to SU(5). 
Together, the VEV's break the gauge group to SU(3)®SU(2)®U(1). 

The Goldstone bosons (GB's) coming from the breaking SU(6)^SU(4)(g)SU(2)(g)U(l) are 
(according to their SU(3)(8)SU(2)(8)U(1) transformation properties): 



(3,2)5 + (3,2)_5 + (l,2)i + (l,2)_i, 
while from the breaking SU(6)— >SU(5) the GB's are 

(3, 1) 1 + (3, 1) 1 + (1, 2) 1 + (1, 2) 1 + (1, l)o. 



(2.3) 



(2.4) 



But the following GB's are eaten by the heavy vector bosons due to the supersymmetric 
Higgs mechanism (the gauge symmetry is broken from SU(6) to SU(3)®SU(2)®U(1)): 



(3, 1) 1 + (3, 1) 1 + (3, 2) 5 + (3, 2) 5 + (1, 2) 1 + (1, 2) i + (1, l)o. 



(2.5) 



Thus exactly one pair of doublets remains uneaten which can be identified with the Higgs 
fields of the MSSM. One can show that the uneaten doublets are in the following combinations 
of the fields E, H, H: 



h2 = 



Uhj: - Whn 
Uh^ - WfiH 



(2.6) 



(2.7) 



V9y2 + C/2 ' 

where Hh and hfj denote the two doublets living in the SU(6) field H and while h^, and 
JiY, denote the two doublets living in the SU(6) adjoint E . 

In order to get the correct order of symmetry breaking we need to have (E) ~ Mqut-, 
{H) = {H) > (S). In this case the gauge group is broken as 
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SU(6) ^ SU(5) ^ SU(3) ® SU(2) ® U(l) 

In the case of opposite ordering of the magnitudes of the VEV's we would get 

SU(6) ^ SU(4) O SU(2) ® U(l) ^ SU(3) ® SU(2) ® U(l), 

which would give unreasonably large threshold correction to the RG values of sin^ dw 

The biggest question of this model is how to realize the necessary suppression of mixing 
terms like HY^H in the superpotential and thus achieve the desired vacuum. We want to 
find discrete symmetries that forbid the mixing of the two sectors. These could be either 
R-type or usual discrete symmetries. 



In ref. |jT^ a Z2 discrete symmetry H — > — S —S, H H , ^ Y] (5 is an SU(6) 
singlet) was suggested to forbid the mixing term HUH . But in the supersymmetric limit 
the if, H^ S VEV's were all zero, so these VEV's come from the soft breaking terms, and 
consequently 

{H) ~ (mMct/T)^ ~ lO^GeV, (2.8) 

where m is a mass parameter of the order of the weak scale. Consequently unreasonably 
large fine tuning is needed to obtain {H) > Mqut- 

One can overcome this problem by introducing more fields into the theory One can 



take for example two adjoints Si, S2 instead of just one and a discrete Z3 symmetry under 
which Si e^Si and S2 e~^S2, while if, H, S are invariant. Then the most general 
renormalizable superpotential is of the form 

W{S, H, H, Si, S2) = aS{HH - i?) - - ^S^ - mHH + 

a5TrSiS2 + MTrSiS2 + — TrS? + — TrS^. (2.9) 

3 3 

which automatically has the global SU(6)®SU(6) symmetry. The VEV's are: 

Tf) 

(S) = - (2.10) 
a 
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/ 1 



(Si 



a- 



+ M 



(A?A2) 



V 

/ 1 



M'm 



-2 



-2/ 



7m 



-2 / 



12(af + M)2am 
a^AiA2 



/ 1 \ 








(2.11) 



(2.12) 



(2.13) 



so that this model gives the correct order of VEV's if m, M, M' ~ Mqut- There is no renor- 
mahzable mixing term allowed by the discrete symmetry that could destroy the accidental 
SU(6)®SU(6) symmetry. 

But the problem is that it is not sufficient to consider only renormalizable operators. 
Nonrenormalizable operators scaled by inverse power of Mpi can potentially introduce large 
breaking of the global SU(6)®SU(6) symmetry, which in turn yields large contributions to 
the PGB masses. In particular, in the above example the term jj^^HJ1iTj2H is allowed 
and gives an unacceptably big correction to the PGB masses if present. Namely, the Higgs 
doublets would acquire masses ~ M'^jjj./Mpi 10^^ GeV. 



3 Requirements and Constraints for the Superpoten- 
tial 

We have seen in the previous section that even if mixing terms of the renormalizable superpo- 
tential are forbidden by some discrete symmetries, the possible nonrenormalizable operators 
can still break the accidental global symmetry and thus spoil the solution to the doublet 
triplet splitting problem. 
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The origin of the nonrenormahzable operators can be of two forms: they either come 
from integrating out heavy {0{Mpi)) particles from tree level diagrams or they can be a 
consequence of nonperturbative effects. 

The dangerous mixing terms coming from integrating out the heavy fields can be easily 
forbidden by some additional requirements on the Planck scale particles, for example by 
requiring that all the Planck mass fields are matter (fermion) fields. In this case the non- 
renormahzable terms arising from integrating out the heavy fields can only yield Yukawa 
terms. But we know that Yukawa terms are irrelevant from the point of view of PGB masses 
(the accidental global symmetry is a symmetry of the Higgs sector only). This assumption 
on the heavy fields is usually fulfilled by the interaction terms introduced in models for 
light fermion masses (e.g. |T^, 0). In those models we want to generate exactly additional 
Yukawa terms suppressed by Planck masses. Thus matter parity can be used to forbid all 
dangerous nonrenormahzable mixing terms arising from tree diagrams. Loop diagrams are 
naturally proportional to supersymmetry breaking. 

Even if the above assumption for the superpotential involving heavy fields is valid, there 
is still the possibility of Planck mass suppressed operators in the superpotential which violate 
the global symmetry. Although the nonrenormalization theorem prevents these operators 
from being generated perturbatively if they were not present at tree level, we will take the 
attitude that all operators consistent with the low energy gauge and discrete symmetries are 
present, both in the Kahler potential and in the superpotential. We ask the question whether 
it is possible with this assumption to still maintain an approximate global symmetry which 
can guarantee that the Higgs doublet is sufficiently light. 

The first observation is that the Kahler potential will always permit symmetry breaking 
terms, suppressed only by two powers of Mpi, for example: 

1 



H^J:^^H. (3.14) 



There is no symmetry which can prevent such a term. However, although such terms do 
break the accidental global symmetry, they do not lead to generation of a mass term for the 
PGB's. 

However, the PGB mass terms will be generated if the global symmetry is broken in the 
superpotential. In the remainder of this section, we show that it is extremely difficult to 
prevent mixing in the superpotential. 
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We now summarize the requirements for the superpotential of a reahstic model. 

1. The mass terms for the PGB's (which are identified with the Higgs doublets of the 
MSSM) resulting from the symmetry breaking mixing terms should be suppressed at least 
by a factor of 10~^^ compared to the GUT scale. In this case the masses of the PGB's will 
be at the order of 1000 GeV. 

2. The VEV's of the fields S and H , H should be naturally (without tuning) at the order 
of the GUT scale (lO^^ GeV). 

3. The triplets contained in the S field should have GUT-scale masses not to cause 
too large proton decay. One might think that the same requirement holds for the triplets 
contained in the fields H . However these triplets are eaten by the heavy SU(6) gauge 
bosons and are not dangerous for proton decay. 

There are two approaches one could imagine to prevent mixing through nonrenormal- 
izable operators. One might try to find a representation of SU(6) which breaks SU(6) to 
SU(4)®SU(2)(S)U(1) but does not allow mixing. Alternatively, one can search for more re- 
strictive discrete symmetries. 

We have found no solution with alternative representations. It is also very difficult to 
realize the second solution if we try to use Mpi as the only mass scale in the theory. We 
show that one either needs to introduce small mass scales into the theory or to use fields 
that have zero VEV's to overcome all constraints listed in the following subsections. 

In the next two subsections we consider the above two possibilities for model building. 
We show that the above requirements necessarily lead us to consider the kind of models 
presented in section 4. 



3.1 Alternative representations 

Let us first consider the possibility of achieving the desired symmetry breaking pattern 
with alternative representations of SU(6). One can consider symmetric, antisymmetric, or 
mixed representations. We don't want to replace the the if, H fields because the H field 
is capable of splitting the light fermions from the heavy ones through the renormalizable 
operator 15-ff6, see fl^, so we only consider replacing the S field. If the representation is 
symmetric, one does not achieve the desired symmetry breaking pattern. An antisymmetric 
representation (for example a 15 looks promising) can achieve a good symmetry breaking 
pattern since it can break SU(6) to SU(4)(8)SU(2). Thus with an additional U(l) gauge group 
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SU(6)®U(1) could break to SU(4)®SU(2)®U(1) (much like the flipped SU(5) model of 1). 
Furthermore, it looks naively as if it can forbid undesired mixing terms such as 1566 because 
of the antisymmetry of 15ij . However, in order to cancel anomalies, one must introduce 
additional fields, either 15 or 6 + 6'. But this addition makes mixing already possible through 
15 15HH or in the other case through 15H6. Larger representations do not help because we 
require a representation that is capable to break SU(6) to SU(4)(8)SU(2)(8)U(1). 

3.2 Discrete symmetries 

The next possibility is to look for more restrictive discrete symmetries. Throughout this 
subsection we will assume that the only mass scale present in the theory is Mpi and that all 
fields have VEV's of the order of the GUT scale. It turns out that under these assumptions 
even with additional fields, it is extremely difficult to find a satisfactory superpotential with 
no unnaturally small parameter. We first summarize the reasons why it is difficult to find 
a satisfactory potential without fine tuning. We subsequently elaborate and illustrate each 
point in more detail. To be explicit, we assume all fields in the Higgs sector have VEV's of 
order 10~^Mp;, the lowest possible value, in order to obtain the maximum suppression in 
higher dimension mixing operators. This ratio might in fact be larger; one would then need 
to suppress mixing operators still further. For this value, we require that the mixing term 
is at least of dimension four greater than the terms in the superpotential which respect the 
symmetry and generate the VEV's for the S and H, H fields. The PGB masses will then be 
at most {Mgut/MpiYMgut ~ 1000 GeV. 

It is easy to see that with just the fields S, H, H we can not obtain a successful super- 
potential. The reason for this is that in order to get nonzero VEV's for the fields we need 
to have at least two terms in both sectors of the accidental global symmetry (one sector 
contains the adjoint S and breaks SU(6) to SU(4)®SU(2)(8)U(1) while the other H and H 
and breaks SU(6) to SU(5)). Then the quotient of the two terms can always multiply a term 
in the other sector, thereby generating unwanted mixing. Explicitly, if there are terms in 
one sector of the form 

^^TrS" + ^^TrE^ (3.15) 



then TrE'' " transforms trivially under an abelian discrete symmetry (even if it is an R-type 
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symmetry). The presence of the terms 

1 



in the other sector then means that terms such as 

1 



(HHr + —^{HHY (3.16) 



{HY!'~''H){HHy~^ (3.17) 



2c+b-a-3 



are allowed. The number h — a cannot be arbitrarily big if the dimensionful fields have VEV's 



of order Mqut- This is because in order to balance the two terms in equation |3.15| , there 
must be a small coefficient of order where = Mqut/Mpi ^ 10~^. So in order for the 
mixing term to be suppressed by 10^^'^, the mixing must be suppressed by at least e^. But 
then b — a > A and there must be a small parameter in the potential of order e^, which is 
badly fine tuned. 

So we have established that one requires additional fields, that there must be at least 
two operators in each of the two nonmixing sectors (one involving the H and H fields and 
one involving only the S field) , and that the quotient of operators in the superpotential from 
the same sector must involve negative powers of at least one field, so that such symmetry 
invariants are not holomorphic functions of the fields. 

The next point is that in order to prevent fine tuning, the superpotential should contain 
operators of similar dimension. The argument which we just gave without additional singlets 
can readily be generalized (if the singlet VEV is of the same order as those of other fields) 
to show that in order to prevent fine tuning, the dimension of the operators in the potential 
which are balanced at the minimum should have comparable dimension. Furthermore, a 
term of dimension d will yield a mass term for the non PGB's of the order M ^ Mcure'^d^- 
A very high dimension operator without a large coefficient will yield masses for the triplet 
fields much less than Mqut- Thus according to our requirement 3 the terms containing the 
S field should have low dimensions so that the triplets contained in S have sufficiently large 
masses. 

Of course, one can consider cases where not all VEV's are the same, but then VEV's are 
larger than Mqut and mixing terms will be less suppressed. 

We can generalize the above argument about the superpotential containing only the fields 
S, H to the case when the superpotential also includes an additional SU(6) singlet. To 
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have nonzero VEV's for the fields we need at least two terms that contain HH and two that 
contain E in the superpotential, while all these four terms may contain the SU(6) singlet 
field S. Thus generally the superpotential will have the form (if there is no mixing of the 
two sectors) 

{HHyS^ + {HHyS'^ + TrE^,S-^ + TiYPS^. (3.18) 

Without loss of generality we can assume that d > b, f > h and d > f. li f > h 
we require that g > e; otherwise the operator TrE^~^5'-''~'^ (which is just the quotient of 
the last two terms and thus invariant under all discrete symmetries) would be holomorphic 
and could multiply either term of the E sector to give a nonsuppressed mixing term. But 
because g > e, the operator I!,^~^S^~^~^'^{HHy is holomorphic. This operator is allowed 
by the discrete symmetries, because it is the product of two terms of the superpotential 
divided by a third term. Therefore the dimension of the allowed mixing term is equal to the 
dimension of one of the terms originally present in the superpotential plus the difference of 
the dimension of two terms present in the superpotential. (It is easy to see that this is also 
true for the case e > g.) Thus the necessary fine tuning is equal to the suppression factor of 
the mixing term. If we want to suppress mixing by we will need fine tuning of the same 
order (to balance terms of different dimensions). To illustrate this argument we present a 
model where although mixing terms are suppressed sufficiently we need unreasonably large 
fine tuning to get the correct VEV's. In this model the superpotential is given by 

W{E, H, H, S) = -^S^HH + (3Slh:Y? + 
^ {HHf + -^TiT.\ (3.19) 



where the discrete charges for the fields T,,HH,S are Qy, = ^,Qhh = ff^Qs = §i ^-nd 
the R-charge of the superpotential is H- (The transformation of the fields under the dis- 



crete symmetry is given by $ ^ ^'^^i-Q^ 'j Then the first allowed mixing term is HJ^^HS^, 
suppressed by 4 dimensions compared to TrS^ or S^HH. The equations of motion for this 
theory are 

baS^{HH) 



+ /3TrE' = 



13 



75 
Ki 



-TrE*^) = 0. 



(3.20) 



If the VEV of E has the form 



/ 1 



(E) = y 



-2 



(3.21) 



-2 / 



then the solution for V is 



V = Mpi 



/-37\ /i2/3y / 2/3 y^' 

V a ; 5q; J 1^1475; 



(3.22) 



The number multiplying Mpi should be 10~^, so even if we assume that this is the 13/61st 
power of a combination of the parameters this combination must be (10^^) ^3 ~ IC^^. Thus 
we can see explicitly in this model that the amount of fine tuning (10~^^) is equal to the 
suppression factor of the dangerous mixing terms. 

One might think that we can overcome this problem by introducing even more fields 
into the theory. If we could find a superpotential where the number of terms contained in 
the superpotential is equal to the number of fields in the superpotential we could assign 
arbitrarily different R-charges to the fields in the superpotential and thus forbid mixing 
terms. However this is not possible. The reason is the following: suppose we have n fields 
and n polynomial terms in the superpotential. Let's call these terms Ai^i = 1, . . .n, where 
Ai is a polynomial of the fields ^k, k — 1, . . .n. The superpotential is then 



W(^i) = J2akAk{^i). 

k=l 



(3.23) 



The equations of motion are 1^ = 0. If neither of the VEV's is zero then we can also write 



aw 



these equations in the form — 0, i = 1, . . . n. Thus we get a system of equations 

n 

^Afe^ = 0, ^ = l,...n, (3.24) 



k=l 



where A^ = Ak{{^j)). This is a set of n hnear homogeneous equations for the terms A^. 
There are two possibilities: the determinant of the coefficients is either zero or nonzero. 
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To have it zero requires fine tuning of tlie parameters in tlie superpotential and even tlien we 
can not liave all VEV's determined by the superpotential because the equations are linearly 
dependent so there are in fact fewer equations than n. If the determinant is nonzero then 
the only possibility is to have = for k = 1, . . .n. This implies that at least one of the 
VEV's is zero contrary to our assumption. 

Thus we need at least n+1 terms in the superpotential to have the VEV's of all fields 
determined of the correct size without fine tuning. But this means that we can not choose 
the R-charges of the fields arbitrarily. Generally these connections among the R-charges 
make it very difficult to find an acceptable superpotential that both determines the VEV's 
at the right scale without fine tuning and has the mixing terms sufficiently suppressed. In all 
cases we examined with only low dimensional operators for the S field in the superpotential 
we were either able to find allowed unsuppressed mixing terms or fine tuning was required 
to set the VEV's to the right scale. 

4 Three Models in which the Supersymmetric Higgs 
Particles are Naturally Pseudo-Goldstone Bosons 

We have shown in the preceding section that one cannot construct a model based on low 
energy discrete symmetries without a small parameter if neither of the VEV's of the fields 
of the Higgs sector is zero. However, low energy supersymmetry must contain a small 
parameter, namely the weak scale, or equivalently, the supersymmetry breaking scale. In 
the first subsection, we show how one can exploit this small parameter to generate models 
which naturally respect the accidental global SU(6)®SU(6) symmetry. Our models differ 



from the model in ref. in that we exploit the supersymmetry breaking scale, but we do 
not need to tune the parameters. We naturally balance small terms against each other. 

In the second subsection we present a different class of models. These models contain 
fields with zero VEV's; thus the no-go arguments of the previous section are not valid here. 
These models include two mass parameters: all mass terms are proportional to the GUT- 
scale while the nonrenormalizable operators are suppressed by the Planck-scale. In the third 
model we assume the appearance of a dynamical scale (related to the GUT scale) but do 
not specify its origin. 

These three models serve as existence proofs for models which implement the SU(6)(8> 
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SU(6) symmetry. Based on the considerations of the previous section, we expect the simplest 
successful models will have features of one of the models presented below. 



4.1 Model 1 



In these models we give superpotentials which together with the soft breaking terms give the 
correct values of VEV's. This is similar to the model of ref. []T2| but there the superpotential 
contained only renormalizable terms. Consequently the soft breaking terms alone were not 
enough to set the VEV's to the right scale and additional fine tuning was required. 

The essential observation is that the triplets from if, H are eaten by the heavy gauge 
bosons and thus we don't need 0{Mgut) mass terms for these fields. The superpotential is 
given by 

{HHY 



ly (S, H) = ^MTrS^ + ^ATrS^ + a-^^^ 



(4.25) 



'Pi 



If one assigns a discrete Z„ symmetry under which HH e^'^^/^HH and S is invariant then 
these terms are the lowest order allowed ones. In the supersjnumetric limit 



/ 1 



V 



{H) = (H) = 0. 



(4.26) 



-2 J 



The scalar potential (including the soft breaking terms) will have the form: 

1 



V{J:,H,H) = Tr|ME + AS' 



-ATrS2|2 + 
6 ' 



{HHy'-^lHl' + lHl') + 



'PI 



AmATrS^ + A' ma 



M] 



2n-3 
PI 



+ BMmL^ + m2(TrS2 + \H\^ + \H\^) + D - terms 



(4.27) 



where m is a mass parameter of the order of the weak scale while A,A',B are dimensionless 
parameters. The D-terms have to vanish not to have supersymmetry breaking in the visible 
sector. The soft breaking terms shift the S VEV only by a small (~ m) amount. However 
for the H, H terms we have the possibility of a new minimum appearing due to the soft 
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breaking terms. To find this we minimize the H part of the potential (using {H) = 
(H) = U (1, 0, 0, 0, 0, 0) which is a consequence of the vanishing of the D-terms). 

Minimizing this potential we will get for one of the minima 

1 



U 



nA' + Jri^iA'Y - 16n^{2n - l))M]JI-^n 



2n^a{An - 2 

The magnitude of the VEV is determined by the factor 



(4.29) 



2n — 2 



M^rVJ = [j^J Mpi (4.30) 

For n < 4 we get a smaller scale than Mqut which is not acceptable. However for n > 4 the 
resulting scale always lies between the GUT scale and the Planck scale. (For n = 4, 5, 6 we get 
f/ ^ 1.5 10^^, 7 10^^, 2 10^'' GeV.) Thus all these cases yield naturally the correct values of the 
H,H VEV's. The first mixing term allowed by the Z„ symmetry is ^^^i-a {H H)^~^ [HTjH) . 
However the resulting mass for the PGB's is 



PI 



MpiJ \Mpi 

This means that all models with n > 4 yield an acceptable theory with the correct order 
of VEV's and naturally suppressed mixing terms. The possibility that the H, H VEV's 
are between the GUT and the Planck scale may even be welcome from the point of view 
of fermion masses (see ref. [0), and {H) > Mqut is also required for the unification of 
couplings. 

We can not use this method for getting GUT-scale VEV's for the sector containing the 
field E because then the triplets of S would get too small masses and would spoil the proton 
stability. This is however not the case for the H fields because the triplets from H are 
eaten by the SU(6) gauge bosons. Fortunately it suffices to use this method for only one of 
the sectors because then mixing terms are already sufficiently suppressed. This leads us to 
the choice of the operator (ffif)"/Mp"~^, while we have no restriction for the other sector. 
Alternatively we could use for example the superpotential 
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■1 
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1 
9 



Table 1: The discrete charge assignments of the fields of the Higgs sector of model 2. 



1 1 n - 

+ -AiTrS? + -A^TrE^ + —^{^HHT (4.32) 

with the additional discrete charges Qsi = 1/3, Qy.2 = ~l/3, Qhh = (similar to the 
model of ref. [H)- Iii this case the mixing term is even more suppressed by the additional 



discrete symmetry. The lowest order mixing term in this case is 

(i?SiS2if)(m)""VM|'?-\ 
This model will be used in Appendix B, when we extend it to incorporate fermion masses. 

4.2 Model 2 

In this class of models we will use low dimension operators to get the VEV's of the adjoint 
sector and then use two singlets with zero VEV's to communicate the required values of 
the VEV's to the H,H fields. The adjoint sector consists of two adjoint fields Si,S2 and 
two SU(6) singlets A, B, while we introduce additional singlets {N, T, S) to get the desired 
VEV's for H, H. We use a Z^^^ ® Z^^ ®Z2®R symmetry, where i? is a discrete R-symmetry 
with the charge of the superpotential being ^ . The discrete charge assignments of the fields 
are given in table 1. 

The lowest order superpotential allowed by the discrete and gauge symmetries is 

MTrSiS2 + aTrS? + 6TrS^A + M' AB + cB^ + 

-^iV(TrS^ + f^T^) + -^S{T' - 5{HHf). (4.33) 

Mpi IVI PI 



The VEV's are 



'31 1 
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V2 = 

(B) 
(A) 
(T) 



3a 
M 



1086a 



/6l 



'31 



.12. 



/6i 



(H) = {H) 
(S) = (TV) = 



(T) 



'61 i 



(4.34) 



where Vi and V2 are defined by 
/ 1 

1 



(Si) = V, 



-2 



V 



/ 1 



(S2) = V2 



-2 / 



-2 



V 



(4.35) 



-2 / 



If M, M' fa Mct/T then all fields (with the exception of A' and S) have 0{Mgut) VEV's. The 
lowest possible mixing term in the superpotential is {H'LiH){HH)AS which yields a super- 
symmetric mass term (so called //-term) for PGB Higgs doublets /i ~ (10^^/2 10^^)^ 10"^^ ~ 
1000 GeV. One can see that the dangerous mixing term is quite big (compared to the lowest 
order mixing term of Model 1). One might need some additional suppression factor but no 
large fine tuning. The feature of this model that there are symmetry breaking terms that 
yield extra /x-terms for the Higgs doublets (which may also arise in the models presented in 
the previous subsection) solve a potential problem of these models. Namely, if there are no 
explicit symmetry breaking terms in the Higgs sector then the 'genuine GB's' will remain 
exactly massless at the GUT scale even after adding the soft breaking terms. This results 
in a potential instability of the Higgs potential (a fiat direction for hi — h*2), which has 
to be removed by radiative corrections (essentially due to the large top Yukawa coupling). 
Explicit global symmetry breaking terms in these models hft this fiat direction and remove 
the instability. However, these symmetry breaking terms at the same time invalidate the 
specific prediction of the 'Higgs as PGB' scheme (the yU-term is not related to soft SUSY 
breaking mass term anymore), and we will be left with the general Higgs potential of the 
MSSM. 
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In the above model all fields (except S and N) had the same order of VEV's, thus there is 
no hierarchy between the H, H and E VEV's. However such a hierarchy may be an attractive 
feature for generating fermion masses and is also necessary for the unification of couplings. 
This can be easily achieved in this model by modifying the discrete charges of HH. We take 
the Z^^^ (g) Z^^ (8) ^4 (8) -R charges for the HH as 0, j^, |, ^ instead of the charges hsted in 
table 1 (and all other charges are unchanged). Then the only change will be that instead of 
S{HHY we have S{HHY appearing in the superpotential. This will result in an H VEV 
that is the geometric mean value of Mpi and Mqut, which is desirable for fermion masses. 
The mixing terms again yield 0(1000 GeV) PGB masses. 

4.3 Model 3 

In the third model we assume that some SU(6) singlet fields have VEV's of the order of the 
GUT scale through some unspecified dynamics. 

One possibihty to suppress mixing terms is to have at least two fields whose VEV's are 
naturally zero in the supersymmetric limit and whose presence is required in all dangerous 
mixing terms. In this case the mixing terms have the form ST{HHyil^ where S, T are the 
fields with vanishing VEV's. Then these mixing terms do not contribute to the Higgs masses 
because of {S) = (T) = (if we add the soft breaking terms, {S,T) will be of C(M^eafc), 
so the contribution to the Higgs masses will be also suppressed by a factor of Muieak/McuT 
which is exactly what we need). Thus such fields with vanishing VEV's can yield the desired 
suppression of the mixing terms. 

One such an example could be a superpotential of the form 

aS(HH - aM'^) + 6T(TrE=^ - pN^). (4.36) 

(Wc take a cubic term in S because the trace of S vanishes and a quadratic term would give 
SU(35) accidental symmetry. N and M should be singlets with respect to the SU(6) group 
so that their VEV doesn't break the symmetry further and also to avoid a larger accidental 
symmetry.) 

The equation of motion for the 5, T singlets sets 

{HH) = q;(M2) 
Tr(S3) = /3(iV3), (4.37) 



20 



while the 5* and T VEV's vanish because of the other equations of motion. 

The problem with this model is that the VEV's of the fields M, and consequently of 
T,,H,H are not determined. To find an acceptable theory based on the superpotential of eq. 



4.36| we need to reintroduce the GUT-scale into our theory by setting the M and VEV's 
to the GUT-scale by hand. The origin of this new scale in the theory could be for example a 
condensation scale of a strongly interacting gauge group (other than the SU(6)). We assume 
that for some reason the fields M,N acquire VEV's of 0{Mgut)- Then these VEV's can 
be communicated to the fields S, H, H without introducing mixing terms through the eqs. 
4.37| . (In other words we could say that an effective tadpole term in the superpotential for 
the fields 5* and T is generated by integrating out heavy fields that have VEV's of the order 
of the GUT scale which spontaneously break the discrete symmetry.) But even if we set 
the M, VEV's to the desired value the H, H, S VEV's are still not totally determined. 
This is done by the D-terms and the soft breaking terms. The D-terms vanish if (H) = (H) 
and (S) is diagonal. Now adding the soft breaking terms will shift the values of the VEV's 
by terms of the order of the weak scale and also lifts the very high degeneracy of the S 
vacua. Eq. [4.371 fixes only TrS^. After we add the soft breaking terms the only possible S 
vacua are those which break SU(6) to SU(n)(8)SU(6-n)(8)U(l) depending on the values of the 
parameters of the soft breaking terms. 

To forbid the direct mixing terms (those without the fields 5*, T) we should set the discrete 
charges of S, HH to be small, so that the mixing terms require high powers of these fields. If 
the discrete symmetry is not an R-type then by choosing the charges of S, HH the charges 
of the other fields are already determined. For example if we take the charges as Qs = 
Qhh = = Yq, Qt = If = Qn3 = ^, the first mixing term without S,T is 

(M)16E6^ or M, S exchanged to or A^, while the mixing terms involving S, T are 
automatically suppressed by a factor ( mZIjt ^ ' C^^^^^ mixing terms are just the products of 
the operators in the two sectors.) 

We can go further and forbid even the mixing terms that include 5", T by promoting the 
discrete symmetry to an R-symmetry. For example if we assign the R-charge for the fields 
Qs = ^, Qhh = lis = Qn^j Qt = ^, = Qm = and that of the superpotential is ^ 
then all mixing is forbidden to more than 50 orders. 
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4.4 Summary 

In this section we have presented three different type of models that all yield acceptable 
theories. We have shown how to circumvent the difficulties of section 3 and build natural 
theories with sufficiently suppressed mixing terms. 

One might think that the above arguments for building a superpotential arc true only for 
the SU(6) model we have considered. In the next section wc show that alternative models 
based on the idea of two nonintcracting sectors and either an SU(n), SO(n), or Eg gauge 
group which do not have additional light doublet or triplet fields are trivial generalizations 
of the model we have considered, and therefore yield no more compelling solutions. (The 
only restrictive requirement we will make for this proof is that during SSB the unbroken 
subgroups are only in regular cmbcddings of the full group). 

5 Models with Larger Gauge Symmetry 

In this section we discuss the possibilities of generahzing the SU(6) model based on the 
groups SU(n), SO(n) and Eq (these include all groups that are capable of admitting complex 
representations). We restrict our search to models that use regular group embeddings only 
and have no light triplets which could result in too large proton decay. 

Let us first discuss the criteria that a reahstic model where the Higgses are pseudo- 
Goldstone bosons have to fulfill. We are looking for grand unified models with gauge group 
G that have an accidental symmetry of the Higgs part of the superpotential. This accidental 
symmetry is a consequence of the existence of two sectors (A and B) that are not mixed 
with each other; thus the global symmetry is G ®G. We do not consider the other kind of 
models when representations pair up to representations of a bigger group since these models 
are necessarily fine tuned; a larger numbers of sectors is overly cumbersome and we do not 
consider it. Throughout this chapter (and Appendix A) we consider only models where 
the unbroken subgroups of the full symmetry group are in regular embeddings (it is very 
difficult to derive general results if we also allow the use of special embeddings) . The fields in 
sectors A and B develop VEV's such that the gauge group G breaks to the standard model 
group SU(3)(8)SU(2)(8)U(1). We are interested in all possible symmetry breaking patterns for 
G — SU(n), SO(n) and Eg for which the resulting uneaten PGB's fulfill the following four 
requirements. 
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1. At least two SU(2) doublets are uneaten PGB's of the global symmetry which can be 
identified with the Higgs fields of the MSSM. 

2. The extra uneaten PGB's besides the two doublets (if there are some) do not destroy 
the successful prediction of unification of coupling constants. We know that generally adding 
extra light particles to the MSSM spectrum destroys the prediction for sin^ 6w The only 
case when this does not happen is when we add full SU(5) multiplets. Then the one loop 
value of sin^ Ow is unchanged. 

3. The extra uneaten PGB's do not give rise to too fast proton decay. This can be 
prevented if the extra light fields do not contain SU(3) triplets whose quantum number 
are equal to those of df^ {d denotes the down quark), because this is the field that if light 
generically mediates proton decay. Although generally the presence of such light triplets 
spoils proton decay, we can avoid this problem by forbidding the coupling of these new 
triplets to ordinary matter (the phenomenological implications of such new triplets were 
given in IP). Nevertheless we find it natural to consider only models that do not contain 
extra d'^'s (that is they do not contain for example extra 5's of SU(5)). 

4. The extra uneaten PGB's do not destroy asymptotic freedom of QCD. For example 
if the extra particles are only in SU(3) triplets than their number is constrained to be less 
than six. Thus for example the extra uneaten PGB's can not be combined into 10 + 10 of 
SU(5) because this contains exactly 6 triplets. 

Summarizing the requirements on the uneaten PGB's for a realistic model we find that 
in addition to the 2 doublets that are identified with the Higgses of the MSSM we can have 
only full SU(5) multiplets that do not contain triplets with the quantum numbers of d'^ and 
the number of extra triplets is constrained to be less than six. 

Let us now discuss how many uneaten PGB's we get from the SSB in the case of 
G = SU(n). The general method was presented in [^]. The accidental global symmetry 
is SU(n)®SU(n). We have two sectors of the superpotential that are not mixed (that's 
how we get the accidental global SU(n)(S)SU(n) symmetry). We denote these sectors A and 
B. The fields in sectors A and B develop VEV's such that the gauged SU(n) breaks to 
SU(3)(g>SU(2)®U(l). We are interested in all possible SSB patterns which fulfill the above 
four requirements of a realistic model and the additional requirement of the use of regular 
embeddings only. 

The VEV's of the fields in one of the two sectors (for example A) have to split the SU(3)c 
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from the SU(2)tf, which are embedded into the SU(n) gauge group. (In the SU(6) model 
sector A is identified with the sector containing the adjoint field. The adjoint in the SU(6) 
model breaks SU(6) to SU(4)®SU(2)(8)U(1) and thus splits the SU(3)c subgroup from the 
SU(2),.) 

If we consider only regular embeddings of subgroups then the most general subgroups of 
SU(n) are products of SU(k) factors and U(l) factors. Thus the fields of sector A break the 
global SU(n) to 

SU(mi) (g) SU(m2) O SU(m3) . . . (g) possible U(l) factors (5.1) 

where we can assume that SU(2)^eafe cSU(mi), SU(3)c C SU(m2). So the VEV's of the 
fields of this sector split the SU(3)c subgroup from the 811(2)^^, subgroup. Because of our 
choice of embeddings for the SU(2)ty and SU(3)c we know that mi > 2, m2 > 3 and also 
J2\=i mj < n must be true. 

The combination of the VEV's of the fields of sectors A and B must break the gauge 
group to SU(3)®SU(2)(8)U(1), this means that the gauged subgroup SU(mi)cSU(n) breaks 
to SU(2), the SU(m2)cSU(n) breaks to SU(3), and all other subgroups must be totally 
broken. 

Let us first concentrate on the PGB's we get from the SU(mi+m2) subgroup of SU(n) 
(this is where the standard model group is also embedded). According to our assumptions, 
the fields of sector A break this SU(mi+m2) subgroup to SU(mi)(8>SU(m2)( possibly (8>U(1)), 
and the combination of the VEV's of both sectors must give SU(3)(S>SU(2)(8)U(1) as the un- 
broken gauge group. This can be achieved only if the fields of sector B break the SU(mi-|-m2) 
subgroup either to SU(5) or to SU(3)®SU(2)(S)U(1). First we calculate how many uneaten 
PGB's we get from this SU(mi+m2) subgroup if the fields of sector B break this SU(mi+m2) 
subgroup to SU(5). Uneaten PGB's are states in the SU(n) adjoint corresponding to gener- 
ators that are broken by the fields of both sectors. It is easy to check that from the breaking 
SU(mi-|-m2)(8)SU(mi-|-m2)^ SU(mi)(8)SU(m2)®SU(5) we get the following uneaten PGB's: 

(mi - 3)[(1, 2)i + (1, 2)_i] + (m2 - 2)[(3, 1)_| + (3, 1)2] + singlets, (5.2) 

where the PGB's are denoted according to their SU(3)®SU(2)(8)U(1) transformation prop- 
erties. (If fields of sector B break SU(mi+m2) to SU(3)®SU(2)®U(1) instead of SU(5) we 
get extra uneaten PGB's in the representations (3,2) -|- (3,2) of SU(3)®SU(2). These rep- 
resentations contain 6 doublets, so even if we combine them with some other light particles 
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to full SU(5) representations (to preserve the prediction for sin^ 9w) we will have at least 
6 extra triplets added to the MSSM particle content. This is unacceptable because of the 
asymptotic freedom of QCD. Thus the fields of sector B must break the SU(mi+m2) sub- 
group to SU(5).) To avoid the presence of triplets in eq. |5]^ (these triplets are contained in 
5 and 5's of SU(5) so they generally give rise to fast proton decay) we need m2 = 2. Because 
from the states outside the SU(mi+m2) subgroup we can get only full SU(5) representations 
as uneaten PGB's we need to set mi = 4 to get the two light uneaten doublets. Thus 
mi = 4,m2 = 2, and the fields of sector A break this SU(mi+m2) subgroup (which is an 
SU(6) because mi = 2, ms = 4) to SU(4)®SU(2)®U(1) and the fields of sector B to SU(5). 

Now we are able to discuss the SSB of the full global SU(n)(S)SU(n). According to our 
assumptions and the previous argument, the fields of sector A break SU(n) to SU(4)(8)SU(2) 
(8)SU(m3)(8) . . . ® U(l) factors. This means that the generators in the two off-diagonal 5 by 
(n— 6) matrices of the SU(n) adjoint are already broken by the fields of sector A, and all these 
states transform nontrivially under SU(3)®SU(2)(8)U(1) of the MSSM. If we suppose that 
the fields of sector B break SU(n) to a smaller subgroup than SU(n— 1) then some of these 
states (in the offdiagonal 5 by n— 6 matrices of the adjoint) were also uneaten PGB's and we 
would get additional light doublets and triplets. These states transform all according to 5 or 
5 of SU(5). Thus they would give rise to proton decay. This means that the only acceptable 
breaking for the fields of sector B is to break SU(n) to SU(n— 1). But because the unbroken 
gauge group is SU(3)®SU(2)®U(1) and we get this by combining the VEV's of both sectors 
we must have m^ = for z > 2 in sector A. Otherwise we would get a bigger unbroken gauge 
group than SU(3)®SU(2)®U(1). This means that for sector A, SU(n)->SU(4)(g)SU(2)®U(l), 
while for sector B, SU(n)-^SU(n— 1). 

Thus we have shown that if we rely only on regular embeddings of subgroups into big- 
ger groups the only acceptable pattern of symmetry breaking in SU(n) models is SU(n)(8> 
SU(n)->SU(4)(g)SU(2)(g)U(l)(g)SU(n-l). This generates two light doublets and additional 
light SU(3)®SU(2)(8)U(1) singlets. This is an obvious generalization of the SU(6) model, 
and we have also proven that there is no other way in SU(n) models using only regular 
embeddings to implement the idea of having the Higgses as PGB's. Using the same require- 
ments we show in Appendix A that there is no satisfactory model based on the gauge groups 
SO(n) or Eg. Thus we see that all realistic models that have the Higgses as PGB's and which 
do not require special embeddings are based on the unification group SU(n), and for every 
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n there is only one possibility for the pattern of symmetry breaking. 

Finally we give the necessary fields for the generalized SU(n) theories with n > 6, where 
the symmetry breaking pattern of the accidental global symmetry is SU(n)®SU(n)^ SU(4) 
(8)SU(2) 011(1 )(8>SU(n—l). This symmetry breaking can be most naturally achieved with 
the following fields: an adjoint (S) and n — 6 pairs of vectors {Hi, Hi) in sector A of the 
superpotential and another pair of vectors {H', H') in sector B with the following VEV's: 



/ a 



(s) = y 



(5.3) 



m 



(Hi) = {H,) = Vi 



( \ 


1 



(5.4) 



[H') = {H') = W 



( 1 \ 





(5.5) 



with ka + mh = 0, > V, Vi (in order to get the correct order of gauge symmetry breaking 
SU(n)-^SU(n-l)^SU(3)(g)SU(2)®U(l) ), the smallest of V, Vi must be the GUT scale, and 
the ones in the VEV's of Vi are organized such that together with the adjoint they break 
SU(n) to SU(4)®SU(2)®U(1). 

The minimal anomaly free fermion content of an SU(n) theory |T^| is one two index 
antisymmetric representation (denoted by T"'') and n — 4 conjugates of the defining repre- 
sentation ita) per family. If we only want to have the usual light SU(5) fermions (10 + 5)j, 
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then the remaining SU(5) nonsinglet fields must be heavy. The SU(5) content of T'^* and ta 
is 

T"'' = 10 + (n - 5)5 + singlets 

ta = 5 + singlets (5.6) 

This means that in the case of 3 families we must have 3(n — 5) heavy 5's and 5's. 
Operators that could give GUT-scale masses to fields of eq. ^]6] are: 

(5.7) 

where z,j denote generation indices while a, 6 denote SU(n) indices. The first term yields 3 
heavy 5's and 5's while the second term yields 3(n — 6) heavy 5's and 5's. 

Thus it is possible to split the heavy fields from the light in a natural way for every n. The 



bigger problem is to account for a heavy {0{My/)) top quark. The method of [|T3| (see also 
Appendix B) does not work for n > 6. In this case the smallest self adjoint representation 
that does not have a heavy mass term is a representation with n/2 antisymmetrized indices 
for n even but n/2 odd. But the SU(5) content of this field (called M) is 



^ = ( I _ 1 ) (5 + 5) + ( I _ 2 ) + + '^""S^^*"- (^-^^ 

out of which we only want to have one of the lO's light, and all other fields must be heavy 
(and also one of the lO's of T""^ must then be heavy). We show that with these fields we can 
not have a consistent theory. The reason is that with only these fields and assuming matter 
parity we can have only one renormalizable operator containing M in the superpotential, 
MEM. But this does not give GUT-scale mass to any of the fields in M because of the 
antisymmetry of the indices. (In the case of SU(6) there was another operator 20i/15 that 
made the extra unwanted fields heavy, but in the case n> 6 the operator MHiT is not SU(n) 
invariant). Thus the masses for these new fields coming from M can arise only from the 
nonrenormalizable operators. But this means that all the fields from M have masses less 
than the GUT-scale. Because M is a very big representation of SU(n) it contains a lot of 
new triplets. (The lowest possible value of n is 10, because this is the first case when n 
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is even and n/2 is odd. If n=10, the extra number of triplets is 70.) This badly destroys 
asymptotic freedom and is therefore not acceptable (in the case of n=10 the couplings blow 
up before we reach Mqut, and the n > 10 cases are even worse). Also because we don't have 
renormalizable mass terms for the fields in M the masses of the triplets will be lower than 
Mqut which is dangerous for proton decay. 

It is even more difficult to find an acceptable superpotential for the n > 6 models than in 
the n=6 case. The extra difficulty comes from the sector where we need to combine an adjoint 
and n— 6 pairs of vectors to get the required symmetry breaking. In this sector we have to 
mix the adjoint and the vectors to avoid a bigger accidental symmetry than SU(n)(8)SU(n). 
Thus we necessarily have terms of the form HiUHj. But the presence of such terms generally 
requires (H) — 0. We illustrate this for the a superpotential with SU(6) fields: 



W 



-MTrS^ + -ATrS^ + aHJ^H. 
2 3 



The equation of motion for E will be 



MEij + A(S2. - -TrE^dij) + aSiHj = 0. 



(5.9) 



(5.10) 



If we assume that 



/ 1 



-2 
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-2 / 



/ 1 \ 








(5.11) 



we get for the E equation of motion that 
/ 1 



{MV + XV'^) 



-2 



V 



/ 1 



-2 / 







V 



= 0, (5.12) 



0/ 



which in turn requires that W — 0. Thus it is difficult to find a superpotential where adjoints 
and vectors are mixed and both have comparable VEV's. (We need to introduce extra fields 
that mix with both the adjoint and the vectors, but which have zero VEV's while they allow 
for nonzero VEV's of both the adjoint and the vectors.) 
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6 Conclusions 



The biggest problem of the SU(6) model where the Higgses are PGB's of the spontaneously 
broken accidental SU(6)®SU(6) symmetry is to construct a superpotential with some possible 
discrete symmetries that yields naturally the correct VEV's for the fields and mixing is 
forbidden to sufficiently high order. We have shown how to construct such models. We have 
also shown why we expect these to be the only type of models which will work. The reason 
for this is that without having either a small mass scale or fields with zero VEV in our theory 
we generally need either fine tuning of the parameters or have the symmetry breaking mixing 
terms not sufficiently suppressed. We have demonstrated that we can naturally make use 
of the mass scales present in a theory to build an acceptable model. We have also shown 
that we can build models without using small mass scales by using fields that have naturally 
zero VEV's. We presented three possible models with sufficiently suppressed mixing terms. 
In the first example we made use of the supersymmetry breaking scale that is necessarily 
present in every theory. In the second model we did not use small mass scales but had 
singlets with zero VEV's. In the third model we assumed the dynamical appearance of the 
GUT scale. 

We have also shown that there are only very few realistic models that use only regular 
group embeddings and have the Higgses as PGB's. All of them are trivial generalizations of 
the SU(6) model built on the gauge group SU(n). 

We conclude that it is possible to successfully implement the Higgs as Goldstone boson 
scheme in models where only discrete global symmetries or gauge symmetries are assumed 
to be exact to all orders. Based on our considerations we expect that the simplest models 
successfully implementing the idea of having the Higgses as pseudo-Goldstone particles will 
have features of those presented in section 4. 
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Appendix A: SO(n) and Ee 



In this appendix we show that it is not possible to generahze the SU(6) model to orthogonal 
groups or to Eg if one allows only for regular embcddings. 

If the gauge group is SO(n) then the SU(2)tj, must be embedded into an SO (4) subgroup 
and the SU(3)c into an SO (6) subgroup of SO(n), thus 

SU(3) ® SU(2) c S0(6) ® S0(4) c SO(IO). (A.l) 

We know that SO(6)~SU(4), S0(4) ~ SU(2)®SU(2), so the SU(3)®SU(2) transformation 
properties of the states in the adjoint (45) of the SO(IO) subgroup of SO(n) where the 
standard model group is embedded are 

[(8,1) + (3,1) + (3,1) + (1,1)] + 

[(1, 3) + 3(1, 1)] + 2[(3, 2) + (3, 2)] + singlets. (A.2) 

Now we can apply the same method we used for SU(n). Wc have again two sectors, A 
and B. The VEV's of the fields of one of the sectors (A) have to split the SU(2)^ and SU(3)c 
subgroups, and thus SO(n) breaks either to S0(mi)®S0(m2)C>?> ... or to SU(ni)(g>SU(n2)(8> . . .. 
In the first case (orthogonal subgroups) we have the embedding SU(3) C SO(mi), SU(2) C 
S0(m2). The combination of the VEV's of the two sectors must break the gauged SO(mi) to 
SU(3) and the gauged S0(m2) to SU(2). If the fields of the sector A break the S0(mi+m2) 
subgroup to S0(mi)®S0(m2), then we need the fields of sector B to break the S0(mi+m2) 
subgroup to SU(5) so that the combination of the VEV's of the two sectors break the 
gauged S0(mi+m2) to SU(3)®SU(2)®U(1). (Should we choose SU(3)®SU(2)®U(1) instead 
of SU(5) for the breaking of S0(mi+m2) by the fields of sector B we would get more PGB's 
just like in the case of SU(n) models). One can show that from this S0(mi+m2) subgroup 
alone we get the following PGB's: 

(mi - 6)2(1, 2) + (m2 - 4)[(3, 1) + (3, 1)] + (3, 2) + (3, 2), (A.3) 

where the PGB's are denoted according to their SU(3)®SU(2) transformation properties. So 
no matter what mi and m2 are we get the light (3, 2) + (3, 2) particles which are unacceptable 
because they destroy unification (if we want them to combine with some other light states 
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to full SU(5) representations, we get at least 6 triplets because we already have 6 doublets. 
Thus in this case asymptotic freedom of QCD would be destroyed) . 

The other possibility is that SU(3)(8)SU(2) is embedded in unitary groups in sector A, 
SU(3)®SU(2) cSU(mi)®SU(m2) C SO(2mi)®SO(2m2)cSO(2mi+2m2). In this case we 
need to break this SO(2mi+2m2) subgroup by the fields of sector B to an SO(IO) sub- 
group in order to break the gauged SO(2mi-|-2m2) subgroup in the right way. The resulting 
uneaten PGB's from this SO(2mi-|-2m2) subgroup can be shown to be (according to their 
SU(3)(8)SU(2) transformation properties): 

(2m2 + mi-7)[(3,l) + (3,l)] + 

2(2mi + m2 - 8) (1, 2) + singlets (A.4) 

Because mi > 3, m2 > 2, we can get zero triplets (they are again part of 5's and 5's of SU(5) 
so their presence would generally give rise to proton decay) only if mi = 3 and m2 = 2. 
This just means that SO(2mi+2m2)=SO(10) and the fields of sector A break SO(IO) to 
SU(3)®SU(2)®U(1), and the fields of sector B do not break this SO(IO) subgroup of SO(n). 
But subsequently from the other subgroups we can get only full SU(5) multiplets, so we 
do not have doublet PGB's. This means that there is no SO(n) theory with only regular 
embeddings that would successfully generahze the SU(6) model. (If the SU(3)(8)SU(2) are 
mixed in a unitary and an orthogonal subgroup in sector A that is SU(3)cS0(mi) and 
SU(2)cSU(m2) or SU(3)cSU(mi) and SU(2)cSO(m2) we get the same analysis as for the 
case when SU(3)cS0(mi) and SU(2)cSO(m2) but with even more PGB's, so these cases do 
not work either.) 

In the case of the Eg group we can have 3 possible regular embeddings of SU(3)(8) 
SU(2)(8)U(1) into Eg. These cases correspond to the following maximal subgroups of Eg: 
SU(6)®SU(2), SO(10)®U(1) or SU(3)®SU(3)®SU(3). 

If we place SU(3)®SU(2) into the SU(6) subgroup we can repeat our argument that in 
one sector the global SU(6) must break to SU(4)(8)SU(2)(8)U(1) while in the other sector to 
SU(5). The adjoint of Eg is 78, its decomposition under SU(6)®SU(2) is 

78= (35, !) + (!, 3) + (20, 2). (A.5) 

Because fields of both both sectors break the adjoint along the SU(6)(8)SU(2) subgroup the 
states in (20, 2) must be uneaten PGB's. Their SU(5) decomposition is 2(10 + 10), and these 
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would be light. But this would yield 12 new hght triplets that destroy asymptotic freedom of 
QCD. We also saw that based on orthogonal groups we can not build an acceptable model, 
so the SO(10)(8)U(1) case is excluded as well. 

The last possibility for Eg models is to embed SU(3)®SU(2)®U(1) into the SU(3)® 
SU(3)(8)SU(3) subgroup. The decomposition of 78 under this subgroup is 

78 - (8, 1, 1) + (1, 8, 1) + (1, 1, 8) + (3, 3, 3) + (3, 3, 3). (A.6) 

The fields in one of the sectors (A) need to break Eg at least to SU(3)®SU(3)®SU(3) to 
split the SU(3)c from SU(2)^. Because of the unification of couplings this must happen 
at the GUT scale, and the fields of the other sector (B) must break Eg at a scale above 
Mgut to either SU(5), SU(6) or SO(IO). (Otherwise we get large threshold corrections for 
the RG value of siii^ 9w-) If the fields of sector B break Eq to SU(5) than only particles 
in (3, 2) + (3, 2) will be eaten from sector A which still leaves at least fields transforming 
according to SU(3)®SU(2) as 

3[(3,l) + (3,l)] + 2[(3,2) + (3,2)] (A.7) 

uneaten. (For the unification of couplings it would be sufficient that fields of sector B break 
the global Eg to SU(5)®possible other factor like SU(5)(S>SU(2), but these possible other 
factors do not play any role since their presence can only change the number of SU(5) 
singlets. Thus the same analysis would apply. The same is true for the next two cases when 
the fields of sector B break Eg to SO(IO) or SU(6).) 

If the fields of sector B break Eg to SO(IO) than one can show that the uneaten PGB's 
are at least (according to their SU(3)®SU(2) transformation properties) 

(3,l) + (3,l) + 2[(3,2) + (3,2)]. (A.8) 

Finally if the fields of sector B break Ee to SU(6) the uneaten nontrivially transforming 
PGB's are at least 

2[(3,l) + (3,l)] + 3[(3,2) + (3,2)]. (A.9) 

This means that in neither case are we able to get the desired light particle spectrum (in 
each case we get more than six triplets), so there is no way to have a realistic model built 
on Eg that has the Higgs particles as PGB's using these embeddings. 
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Appendix B: Fermion Masses 



In this appendix we show that it is possible to extend the successful picture of fermion 



masses of refs. |T^, |T4| with the discrete charges in accordance with a realistic Higgs sector. 
For the Higgs sector we will use the superpotential presented in section 4, extending the 
discrete symmetry to the fermion sector. We will see a model that is consistent both in the 
Higgs sector and in the fermion sector. This serves as an existence proof for realistic models 
implementing the idea of having the Higgs fields as pseudo-Goldstone bosons. 

First we briefly review the model of refs. [|1^, for fermion masses in the SU(6) model. 
The minimal anomaly free fermion content of SU(6) that includes one generation of light 
fermions is 

15 + 6 + 6', (B.l) 

where 15 is the two index antisymmetric representation and 6 is the conjugate of the defining 
representation. One can add any self adjoint representation and maintain anomaly cancella- 
tion. Generally self adjoint representations have invariant mass terms so it is no use adding 
them to the fermion content. But there are some special cases when this mass term van- 
ishes. For example if we add just one representation 20 of SU(6) (three index antisymmetric 
representation) then the mass term for this vanishes by antisymmetry (in general if we have 
odd number of 20's one of them will have a vanishing mass). We remark that the addition 
of a 20 to the usual particle content of the theory destroys asymptotic freedom of the SU(6) 
gauge coupling. But this is not a problem since with only one 20 the increase of the coupling 
is very slow, its value increases only a few percent between the GUT and the Planck scale. 



The idea of [113 1 is to add the extra 20 to the fermion content which will be then 

(15 + 6 + 6')i + 20, z = l,2,3 (B.2) 

The SU(5) decomposition of these fields is 

20 = 10 + 10, 
15 = 10 + 5, 

6 = 5 + 1. (B.3) 
Then the renormalizable Yukawa couplings have the form 

AW20S20 + A(2)20 H 15^ + X\fl5iHWj, i,j = 1,2,3 (B.4) 
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denote generation indices). If we insert the VEV's of H,H,'E and the Higgs doublets 
into S (if {H) ^ (S), the Higgs doublets live almost entirely in the S field, see eqs. 
we get the following mass terms: 

X^^\H)10iT0 + X^\H)5iWj + X^^^Q u" h^, i,j = 1,2,3, (B.5) 

where the decomposition of 10 of SU(5) is Q + + e'^. The fermion fields in ( |B.2| ) contain 
altogether four lO's, six 5's, three 5's and one 10 of SU(5). From ( [B.5| ) we see that out of 
these fields one combination of lO's, three of 5's and the three 5's and the 10 will get masses 
of 0{Mgut), so the light fermion spectrum is the desired 

3 X (10 + 5), (B.6) 

while only one light fermion (namely, the up type quark contained in 20) gets a mass from 
the renormalizable interaction with the Higgs doublet. The reason is that the couplings of 
the 20-plet exphcitly violate the global SU(6)e®SU(6)// symmetry, so that the Higgs doublet 
h2 has non-vanishing coupling to the up type quark from 20, which can be identified with 
the top quark. Thus, the top mass is naturally in the 100 GeV range. Other fermions stay 
massless at this level, unless we invoke the higher order operators explicitly violating the 
accidental global symmetry. 

To go further we need to introduce nonrenormalizable operators to give masses to the 
other fermions. Generally, these operators explicitly violate the accidental global symmetry, 
since they include both the S and H, H fields, so that they can provide nonvanishing Yukawa 
couplings to the Higgs doublets, though suppressed by Mpi. In refs. |jT3|, [111 these operators 
were obtained from heavy fermion exchange ||T6[. For this purpose a specific set of heavy 
(Planck-scale) vectorlike fermion superfields in nontrivial SU(6) representations was intro- 
duced whose couplings with the light fermions and the Higgs superfields yielded the needed 
structure of nonrenormalizable operators (together with flavor-blind discrete Z2 [|l3l or 
1^ symmetries to forbid some unwanted operators). For example, in ref. |]13[ the relevant 



nonrenormalizable operators coming from the specified heavy fermion superfield exchanges 
were specified by 

1 



Mpi 
1 



(20S)i7 15i, i = 1,2,3, 
2 20{HEH)6s 
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Table 2: The charge assignments of the chiral superfields under the discrete Z^^^ ® Z^"* Zj, 
symmetry. 

^15,(Si?)(E6,),z,j=2,3. (B.7) 



The first operator gives mass to the c quark, the second to the h and r, and the third to 
the s and [i. These masses will have a proper hierarchy provided that (/J) >> (S). In the 



model of ref. |]T3| the first generation fermions were left massless, however in the model of ref. 
jl^ they can also get masses of the needed value. 

However in our approach all nonrenormalizable operators that are not forbidden by some 
symmetry are present in the superpotential. In other words, we would like to obtain all 
masses in general operator analysis, not relying on heavy fermion exchange mechanism ||16[ 
with specified fields. Therefore a 'flavor democratic' approach to fermion masses (which 
means that there are no 'family symmetries' that would distinguish among the generations) 
is out of question: it would yield too heavy first generation masses. Thus we will need to 
use family symmetries in constructing the fermion mass terms. The simplest way is just to 
extend the discrete symmetries used for the stabile picture in the Higgs sector also to the 
fermion sector. 

For the demonstration, we will use the Model 1 presented in Section 4, which is based 
on a Z3 ® Z^'^ ® Z^^ discrete symmetry. The discrete charge assignments are given in table 



2. The Higgs sector is given by the superpotential of eq. [4.32| . Because we have now two 



adjoint fields in one of the sectors of the accidental symmetry the /ii, /12 Higgs doublet fields 
live in a linear combination of them. One can show that the uneaten PGB doublets are given 
by 

hi = cos q;(cos7 /isi + sin7 /i^a) — sin a hn 

h2 = cos q;(cos7 /isi + sm'yhj:,^) — sin a hg (B.8) 
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where tan 7 = V^jVx and tana = W jV . Here (//) = (//) = C/, (Ei,2) = 1^,2, and V = 



If ^1 ~ 1^2 <S C/, as it occurs e.g. for n = 6, then the Higgs doublets are dominantly 
contained in Ei and E2 while almost not contained in H and H. 

The allowed Yukawa couplings in this model together with their physical role are hsted 
below. 

- 15j^6^: makes the extra 5's and 5's heavy. 

- 20ifl53: makes the extra 10 and 10 heavy. 

- 20Ei20: yields heavy top quark. 

- -^1^Yu2B.B.^'i. defines 63 state and yields b and r masses. 

- ■|g220E2i?152: defines 152 state and yields charm mass via c-t mixing. 

- ^i^p- 152,iEiE2^62: gives s, masses and Cabbibo mixing. 

- 152,iEiE2^(^i?)63,i: gives d,e masses and 1-3 mixing. 

- Akl52,i-H"E;iE2-f/"152,i: gives u mass. 

M denotes the suppression scale of the nonrenormalizable operators. We denote en — 
e = As we noted before, for n = 6 (H) is at an intermediate scale scale between (E) 
and Mpi. Since (E) = Mqut — lO"*^^ GeV is fixed (as the SU{5) scale) by the gauge couphng 
unification, we obtain e^j ~ e ~ 1/30, which can explain the fermion mass hierarchy. A 
somewhat better fit can be obtained with the shghtly larger value €h ~ 0.1. This could 
occur if the above listed operators are generated by heavy fermion exchange (the heavy 
particles should be below the Planck scale, with masses M ~ 10^^ GeV). The desired value 
of the parameter e should remain ~ 1/30 which fits perfectly to the light generation fermion 
masses. 

The physical consequences of the above hsted operators can be summarized as follows (A 
denotes the Yukawa couplings of the MSSM, while 9ij denotes the mixing angle of the i'th 
and j'th generation): 



- K,iJ, ~ c^H) but the ratio Xs/X^ is not fixed (because there is more than one operator 




due to the different possible contractions of indices in the operator 152,iEiE2-ff62). 
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- ^d,e ~ but the ratio of the couphngs is not fixed again. The ratio Ag/A^ is of order 
ejj ~ Ac/ At. However A^ is a somewhat small. 

- A„ ~ ee^. The ratio Xu/Xc is of order een ~ X^j \r\J\J\f 

- sin 6*12 ~ (Cabbibo angle). 



sin ^1 



'13 ~ A^- 

All these consequences (except the down mass which must be enhanced by introducing a 
large Clebsch coefficient) are in qualitative agreement with the experimental values, provided 
that tan/5 is small (close to 1). In fact, here we used the general operator analysis consistent 
with the gauge SU{Q) and discrete symmetries. By addressing the specific heavy fermion 
exchanges, one could also fix the relative Clebsch factors between the down quark and 



charged lepton masses [|T3], |T^. Thus we have shown that a consistent model based on 
the SU(6) gauge group and discrete symmetries can be constructed. In this model the 
accidental global SU(6)®SU(6) symmetry is preserved by nonrenormalizable operators in 
the Higgs superpotential up to sufficiently high order terms, so that the Higgs doublets are 
PGB's without any fine tuning. On the other hand, Yukawa terms explicitly violating the 
SU(6)(8)SU(6) symmetry yield the necessary Yukawa couplings for the light fermion masses. 
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